We observed quantized plasmon quenching dips in resonant Rayleigh scattering spectra by plasmon resonance energy transfer (PRET) from a single nanoplasmonic particle to adsorbed biomolecules. This label-free biomolecular absorption nanospectroscopic method has ultrahigh molecular sensitivity.
from single nanoparticles resulting from the direct quantized plasmon resonance energy transfer from the nanoparticle to adsorbed biomolecules on its surface.
Similar to the donor-acceptor energy matching in fluorescence resonance energy transfer (FRET) between two fluorophores, the PRET process requires that the plasmon resonance peaks (E p ) of the metallic nanoparticle overlap with the electronic resonance peak positions (the electron transition energy from ground to excited state E e -E g ) of the biomolecule. The quantized energy is likely transferred through the dipole-dipole interaction between the resonating plasmon dipole in the nanoparticle and the biomolecular dipole. Previous work on the surface plasmon-mediated FRET process 7 , surface plasmon resonance shift owing to redox molecules 8 and bulk optical extinction spectroscopy of nanoplasmonic particle clusters with conjugated resonant molecules 9 also suggests the possibility of such dipole-dipole interactions.
In our experimental configuration ( Fig. 1a) broadband white light is shined on the nanoplasmonic particles from an oblique angle via a darkfield condenser lens. The scattering alone is collected by a microscope objective lens with a numerical aperture (NA) of 0.65, smaller than that of the illumination condenser lens (NA ¼ 1.2-1.4). The collected scattering light is imaged by a truecolor charge-coupled device (CCD) camera and analyzed by a spectrometer. Typical scattering spectrum of a single nanoplasmonic particle and a representative absorption spectrum of a bulk biomolecule solution are illustrated in Figure 1b as 'spectral dips' in the single nanoparticle scattering spectrum (Fig. 1d) where the positions of spectral dips match the molecular absorption peak positions (Fig. 1c) . Because PRET is a direct energy transfer process and thus more efficient as well as faster than optical energy absorption 6 , PRET absorption spectra can be detected with a simple optical system, which is not possible in conventional visible absorption spectroscopic methods. Cytochrome c, a metalloprotein associated with the mitochondrial membrane, acts as a charge transfer mediator 10 and is important in bioenergy generation, metabolism and cell apoptosis. It is a natural energy acceptor in electron tunneling pathways, the iron-heme structures 11 . Cytochrome c has several optical absorption peaks in the visible range around 550 nm coinciding with the plasmon resonance wavelength of a 30-nm gold nanoparticle, which ranges from 530 to 580 nm depending on the surface coating property. The visible scattering spectrum of gold nanoparticles coated with only a monolayer of the cross-linker molecule cysteamine shows no absorption in the visible region (Fig. 2a) . The raw scattering spectra of gold nanoparticles conjugated with reduced ( Fig. 2b) and oxidized cytochrome c (Fig. 2c) , however, showed both a scattering peak (plasmon resonance peak) as well as distinctive dips next to it. The absorption spectra of cytochrome c bulk solution are shown in Figure 2d . The spectral dips on the nanoparticle scattering (PRET) spectra can be deconvoluted and correspond to the visible absorption peaks of the reduced (525 nm and 550 nm) and oxidized (530 nm) cytochrome c molecules (Fig. 2e,f) .
To confirm the spectral dips are due to the presence of cytochrome c, we used the real time electrochemical technique cyclic voltammetry to calculate the potential of the gold nanoparticles from -500 to 500 mV versus an Ag/AgCl electrode (Supplementary Methods online). During the cyclic voltammetry experiment, the voltage potentials applied only to the cytochrome c molecules adsorbed on gold nanoparticle surface induced the cyclic reduction and oxidiation of the molecules, and their absorption peak changed. The simultaneous PRET measurements at 550 nm wavelength showed the synchronized cyclic intensity alteration indicating the repeating conversion between oxidized and reduced cytochrome c adsorbed on the particle surface ( Supplementary Fig. 1 online) . Therefore, the spectral dips observed in all our measurements were not a result of the direct optical absorption of cytochrome c molecules in the bulk solution, but the unique PRET process between the single nanoplasmonic particle and only hundreds of surface molecules.
The plasmon resonance of gold and silver nanoparticles conjugated with various biomolecules 12, 13 has been studied. Owing to the mismatch between the typical biomolecular electronic resonance modes in ultraviolet wavelengths and nanoparticle plasmon resonance modes in visible wavelengths, only the shift of the plasmon resonance peak has been previously observed. We confirmed the requirement for the energy matching condition in PRET with three negative control experiments. In the first control experiment, we conjugated a 30-nm gold nanoparticle with synthetic peptides that have no absorption peaks in the plasmon resonance wavelength range of the 30-nm gold nanoparticle. As expected, the scattering spectrum of this peptide conjugated system showed only the scattering peak and no spectral dips (Fig. 2g) . In the second control experiment, we tested a large gold nanoparticle cluster, which has a plasmon resonance wavelength beyond 650 nm, conjugated to cytochrome c. The reduced cytochrome c absorption peaks at 525 and 550 nm were essentially undetectable (Fig. 2h) . In the third control experiment, we conjugated dielectric polystyrene nanoparticles, which do not exhibit plasmon resonance, with cytochrome c. We did not observe PRET spectral dips even though the polystyrene nanoparticle does scatter light (Fig. 2i) . This indicates that the presence of excited free electrons is necessary for the PRET process. Therefore, much like the dependence of the FRET efficiency on the spectral overlap between donor and acceptor, the PRET efficiency is also dependent on the extent of the spectral overlap. The better the spectral overlap, the higher the PRET efficiency and plasmon quenching intensity (Fig. 3) .
As a control for the average surface density of cytochrome c molecules, we adjusted the molar concentration ratio of molecules to gold nanoparticles used in the conjugation process. The surface coverage was B150 molecules on a single particle according to an electrochemical measurement (Supplementary Methods and data not shown). We found similar surface coverage by using surface thiol exchange method (Supplementary Methods). We measured the scattering spectrum of many individual 30-nm nanoparticles and extracted the reduced cytochrome c visible absorption peaks. Owing to the nonuniformity of the surface molecule numbers on each particle and nanoparticle plasmon resonance wavelength, the plasmon quenching or cytochrome c absorption peak intensity showed slight variations from particle to particle; the spectral measurement on each individual nanoparticle was repeatable and stable ( Supplementary Fig. 2 online) , and we observed no photochemical changes (data not shown).
We also studied the PRET effect for hemoglobin molecules conjugated with single silver nanoparticles. We observed plasmon quenching dips corresponding to the Soret band (B407 nm) of hemoglobin ( Supplementary Fig. 3 online) . Although we observed PRET spectra only in the visible wavelength range in this work, use of metallic nanoparticles with different properties (for example, size, shape, free electron density and others) should allow PRET at ultraviolet or near-infrared plasmon resonance wavelengths. Similarly to FRET, the PRET efficiency could be dependent on the distance between electronic resonance biomolecules and nanoplasmonic particles, their relative orientation 14 and light polarizations. More experimental characterization work and theoretical simulation ( Supplementary Fig. 4 online) are underway. Nanoparticle plasmon resonance quenching by fluorescent quantum dots was recently reported 15 , which further supports our findings.
By using nanoprobes with plasmon resonance wavelength ranges from the ultraviolet to the near infrared wavelength regime, PRET could be applied to other metalloprotein families, biomolecules with visible light absorptions, and also to biomolecules with ultraviolet absorptions in the range of 250-300 nm such as DNA, RNA and protein molecules. We anticipate that PRET-based ultrasensitive biomolecular absorption spectroscopy using single metallic nanoparticles could also be used in the genetic analysis of small copies of latent nucleotides, activity measurements of small numbers of functional cancer biomarker proteins, and rapid detection of biological toxins, pathogens and virus molecules. Additionally, because the detection site for absorption spectroscopy has been reduced from a typical 1-cm cuvette to a sub-100 nm nanoparticle, we propose that PRET could be applied in intracellular biomolecule-conjugated nanoparticle sensors to detect localized in vivo electron transfer, oxygen concentration and pH value changes in living cells with potentially nanoscale spatial resolution.
Note: Supplementary information is available on the Nature Methods website. The nanoparticle plasmon resonance wavelengths and the intensities of PRET-induced plasmon quenching dips varied from particle to particle, but the plasmon quenching peak positions were consistent. Open circles, raw data; green solid lines, fitting curve; red solid lines, Lorentzian scattering curve of bare gold nanoparticles; blue solid line, processed absorption spectra for the reduced conjugated cytochrome c by subtracting red curve from the green curve. Insets, scattering images. Scale bars, 2 mm.
